Preliminary experimental results for realizing real-time defocus-image modulation processing in a high-resolution transmission electron microscope are reported in terms of equivalence between objective lens current modulation and accelerating voltage modulation, precise measurement of the voltage centre axis and rapid control of accelerating voltage. The equivalence between the two modulations is clearly demonstrated by showing the similarities of the two respective Thon diagrams. The accelerating voltage change of 1 V leads to 8.75 run focus change in the present electron microscope. A precise method to measure the misalignment of the voltage centre axis is proposed on the basis of three dimensional Fourier analysis using through-focus images. A floating type accelerating voltage generator system was newly designed in order to make the rapid modulation as precisely as possible, which is essentially important for developing a real-time defocus-image modulation processing elearon microscope.
Introduction
Defocus-image modulation processing (DIMP) developed by Ikuta [1, 2] is one of the most promising approaches for observing spherical aberration-free phase and amplitude images with a transmission electron microscope (TEM). DIMP is based on an integration of through-focus images multiplied with a specific weight function which represents the characteristics of the electron optical system. As a result of spherical aberration correction by the weighted image integration, the resolution of a TEM is successfully improved from the Scherzer resolution limit to the information limit [3] [4] [5] . Since all the processing is performed in real space without performing Fourier transform, the method can be rather easily applied to realtime processing, where the weighted image integration is performed within a few video frame periods by controlling the focus changing speed during the exposure time so as to satisfy the weight function. In the real-time DIMP, the focus is controlled by the modulation of the accelerating voltage instead of the objective lens current to realize more rapid control of focusing. In a previous paper we reported a real-time defocus-image modulation processing system [6] using a commercial type TEM, where the accelerating voltage was modulated by supplying driving signals to the accelerating-voltage stabilizing circuit. This method was relatively easy to be performed from a technical point of view, but the temporal response for the modulation are degraded by the net instrumental functioning of the negative feedback control circuit, leading to a restriction of the resolved spatial resolution up to 3.5 rim" 1 . In order to achieve spherical aberration-free phase observation in a high resolution mode, we have been involved in the construction of a real-time DIMP-EM, where a floating type accelerating voltage generation system which allows us to achieve more rapid and more precise modulation of the accelerating voltage, is planed to be installed as a key function for performing realtime DIMP.
In the present paper, preliminary experiments for realizing the real-time DIMP-EM are reported using a previous schema of the accelerating voltage modulation. Some technically important features as well as the superiority of the accelerating voltage modulation control are discussed with comparison with the objective lens current modulation method. An outline of the floating type accelerating voltage generation system is briefly described.
Experimental procedure
The transmission electron microscope, HF-2000F, equipped with a field emission electron gun was chosen as a basic model for developing the real-time DIMP-EM. In the present experiments, some practical and essential data for developing the real-time DIMP-EM were examined using the electron microscope. Figure 1 shows a block diagram for the present instrumentation. Two modulation methods for focus-control were used in the present design. One modulation is based on control of the objective lens current through a D/A converter by a personal computer [4] . In the alternative modulation, the accelerating voltage is controlled for focussing by supplying a driving signal to the feedback circuit of the high voltage stabilizing unit of the TEM as used in the previous DIMP system. Although the temporal response of the present accelerating voltage modulation method is not high enough to realize real-time DIMP at high resolution, the accelerating voltage can be precisely changed at a constant speed without the effects of induction and hysterisis of the magnetic lens. Series of 256 throughfocus images with a defocus step of -4 nm were recorded by the two modulation methods using a TV camera, GATAN Model 622. It took 8.5 s to record a whole series of through-focus images. These images were taken at a direct magnification of 700 000 times. The recorded images are then digitalized into 256X256 pixel images with 256 gray scale and off-line image processing was performed by a workstation. An amorphous tungsten thin film of 5 nm thick was used as a test sample.
Preliminary experiments for real-time processing and discussion Equivalence between lens current modulation and accelerating voltage modulation Changes of the accelerating voltage and the objective lens current lead to the change of the focus based on the following equation,
where Af is the focus change induced by the lens current change AI, and the accelerating voltage change AE. Cc, Io and Eo represent chromatic aberration coefficient, the initial lens current and the accelerating voltage, respectively. These two changes, therefore, are expected to be equivalent with each other to the focus change. However, the change of the accelerating voltage may induce some additional changes from a practical point of view, such as magnification, image rotation, image brightness, image contrast, etc. Therefore, it is important to confirm whether such additional changes are crucial problems or not for developing the real-time DIMP-EM based on the accelerating voltage modulation technique. Figure 2 shows Thon diagrams [7] constructed from two sets of 128 through-focus images obtained by the objective lens current modulation and the accelerating voltage modulation methods, respectively. Since the Thon diagram shows a radial distribution of power spectra of the through-focus images as a function of focus, quantitative information about electron optical characteristics can be obtained such as; spherical aberration, defocus values, chromatic aberration and beam divergence etc. There are a lot of similarities between the two patterns in Fig. 2 , such as shape, contrast, periodicity and inclination of the curves and focus dependence of highest frequency involved in each defocus images. The similarity between the two diagrams clearly demonstrates the equivalence between the two modulation methods for focusing.
Since the absolute value of the focus can be measured by fitting the Thon curves with the contrast transfer function of the TEM, the relation between the focus and the driving voltage added to the voltage stabilizing unit can be dearly determined from Fig. 2b . The relationship between the time DIMP-EM. The induced changes were smaller than those induced by the objective lens current modulation.
Second, the changes of image brightness and image contrast were checked as a function of focus by measuring the histogram of each digitalized image intensity as shown in Fig. 5 . The centre position of the white band appearing in the histogram shows the average brightness of the image and the width of the bands shows image intensity distribution or image contrast. In the lens current modulation, the change of the image brightness was not detected seriously as shown in Fig. 5a , but the accelerating voltage modulation of ±50 V induced a change of brightness of -10% as shown in Fig. 5b . This is resulted from the change of the convergence of illuminating electrons due to the change of electron energy by the accelerating voltage modulation.
Using an experimental data set of through-focus images, computer simulations were performed to examine how the changes of the image brightness and image contrast give influences to the processed images by DIMP. In the simulations, the changes of image brightness and image contrast were artificially introduced to the through-focus images by the computer as shown in the histograms in Fig. 6 . Figure 6a shows original histogram of the through-focus images and a processed image by using a weight function for retrieving the amplitude component. In the processed amplitude image in Fig.  6a , no contrast appears, demonstrating that the DIMP works properly. Because the sample of the thin amorphous film is regarded to be approximately a weak phase object and no contrast is expected to be appeared for the amplitude component. In Fig. 6b , a linear change of image brightness shown in its histogram was artificially introduced to the same through-focus images. We can confirm that such drift of image brightness produces almost no effect on the processed image as shown clearly in the amplitude image of Fig. 6b . The change of image contrast, however, sometimes introduces an artifact in the processed image. In Fig. 6c , for example, artificial contrast enhancement of twice was operated only to the images whose weights are positive, though such extreme contrast change will not be actually happened. When the same weight function with Fig. 6a is adopted to the through-focus images with such deformed contrast, image contrast with a granular structure appears in the processed amplitude image as shown in Fig. 6c . That is, DIMP was not properly performed due to the artificially induced contrast enhancement. However, on the other hand, when only the weights for the positive part of the weight function are reduced to 1/2 to the contrary so as to cancel out the induced contrast enhancement, no image contrast appears in the processed image as shown in Fig. 6d , demonstrating that DIMP correctly worked this time. Therefore, we can conclude that the changes of image brightness and image contrast will not pose a crucial problem for developing the real-time DIMP-EM, because those changes due to the accelerating voltage modulation can be checked in advance before performing DIMP operation and cancelled out by modifying the weight function in the same procedure mentioned above.
Voltage centre alignment It is quite important to decrease the image shift induced by the misalignment of the voltage centre axis as much as possible for performing the real-time processing at high resolution. In the objective lens current modulation, a systematic image shift was induced due to a deviation from the current centre axis, because we usually adjust the voltage centre axis instead of the current centre axis for the optical axis alignment. In the previous experiments using objective lens current modulation method, therefore, image shift caused by the deviation was roughly corrected by simultaneously controlling the image shift coils. In the accelerating voltage modulation, however, there is no such systematic image shift, because the voltage centre is adjusted for alignment.
The voltage centre axis is generally adjusted by minimizing image shift when the accelerating voltage wobbler is operated. The accuracy for adjusting the voltage centre axis is roughly estimated to be -0.5 mrad. from our experience. Since the misalignment of the voltage centre axis of 0.2 mrad induces a ±0.1 nm image shift by a ±500 nm focus change, the axis must be adjusted within 0.2 mrad. at the worst case to attain high resolution by the real-time DIMP-EM. Thus a more precise method is required for adjusting the voltage centre axis. Figures 7a (a) and 7b show cross-sections of 3-dimensional (3-D) power spectra [8] at the u-w plane (at v = 0) of through-focus images without and with image shift, respectively. The magnitude of the image shift due to the misalignment can be measured by the inclination of the Ewald spheres against the central vertical line (w = 0) in the accuracy better than 0.2 mrad. Since 3-D Fourier transform must be performed for the through-focus images, it takes several minutes to detect the misalignment by this method. In order to measure the misalignment in real-time, the following technique based on the 3-D method combined with a real-time DIMP may be used. Figure 7c shows a two dimensional power spectrum of an integrated image of the through-focus images multiplied with a sine type weight function. The through-focus images without image shift were used in the calculation. The ring pattern appearing in Figure 7c shows that only one Fourier component is successfully extracted by this processing. From the view point of 3-D power spectrum, the ring pattern corresponds to the projection to the u-v plane of the cross-sections of 3-D power spectra at w = ±0.012 nm" 1 in this case. When the misalignment exists for the through-focus images, the ring pattern splits into two parts as shown in Fig. 7d , which correspond to the cross sections of the plus and the minus branches of the Ewald spheres, respectively. That is, the alignment can be done by checking the split for the image obtained by superimposing a rapid voltage modulation corresponding to the weight function of a sine function to the accelerating voltage before performing real-time DIMP. The alignment precision of the voltage centre axis is approximately estimated to be better than 0.2 mrad. by this 3-D method. symmetric pattern against Af = 0, confirming that the spherical aberration is completely corrected by the accelerating voltage modulation as well as the lens current modulation. Since the Thon curves can be traced up to the spatial frequency of 5.5 nm" 1 , this means the resolution was improved from the Scherzer resolution limit to the information limit. The white line at Af = 0 in Fig.  8f shows that the phase image can be observed at infocus condition without the effect of spherical aberration, demonstrating the realization of a phase electron microscope observation.
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Construction of real-time DIMP-EM
A floating type accelerating voltage generator system was newly designed and is now under construction in order to make the modulation as precise and rapid as possible. Figure 9 is a scheme of the floating type accelerating voltage generator system. The ground level of the common accelerating voltage is shielded and further modulated by a function generator for focusing. The ground level of the function generator covers all the system, that is, a doubly shielded structure is adopted for assurance in the floating type accelerating voltage generating system. Since the electron gun and the accelerating tube is surrounded by the high voltage side shielding, the disturbance from the function generator can be suppressed to be as small as possible. On the other hand, since the function generator is installed on the real ground level, power supply for the function generator can be easily designed because no insulation is necessary from the high voltage of TEM, leading to precise modulation of the accelerating voltage. The detail construction and experimental results obtained by this floating type accelerating voltage generator system will be reported soon.
Spherical aberration-free observation by accelerating voltage modulation Figures 8a, 8b and 8c show an original Sherzer image, amplitude and phase images processed by high voltage modulation type DIMP, respectively, together with their power spectra. The dark ring indicated by an arrow appearing in the power spectrum of the Scherzer image shows lack of information due to zero crossing of the contrast transfer function, which restricts the spatial resolution limit. However, no dark ring appears in the power spectrum of the processed phase image due to the effea of spherical aberration correction. Since the film is rather thin, the contrast of the processed amplitude image is very weak. Figures 8d, 8e and 8f show Thon diagrams constructed from the original through-focus images, the corrected through-focus images for the amplitude and phase components, respectively. Although the asymmetric pattern can be seen in Fig. 8d, Figs 8e and 8f show a Summary By some preliminary studies, the following conclusions were obtained. (vi) A floating type high voltage generator was newly designed for achieving more rapid and more precise control of focusing for realizing real-time DIMP-EM.
The extension of DIMP to real-time processing will be effective to dynamic observation of surfaces and interfaces at the atomic level. Because no blurring of the crystal shape and no extra lattice fringes are observed around the surfaces and interfaces due to spherical aberration correction. Furthermore, spherical aberration-free phase image can be obtained within a few video frame period keeping the entire electron dose to the specimen as small as possible. Therefore, the real-time DIMP-EM will become a promising tool which is applicable to the spherical aberration-free high resolution observation of electron radiation sensitive specimens, such as biological samples.
